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Abstrat
We disuss ve-dimensional Standard Model in a slie of adS spae-time with the Higgs
eld residing near or on the UV brane. Allowing fermion elds to propagate in the bulk,
we obtain the hierarhy of their masses and quark mixings without introduing large or
small Yukawa ouplings. However, the interation of fermions with the Higgs and gauge
boson KK exitations gives rise to FCNC with no built-in suppression mehanism. This
strongly onstrains the sale of KK masses. We also disuss neutrino mass generation via
KK exitations of the Higgs eld. We nd that this mehanism is subdominant in the
senarios of spontaneous symmetry breaking we onsider.
1 Introdution and summary
Five-dimensional theories with the Standard Model elds living in adS slie attrat on-
siderable interest, espeially due to their possible onnetion to adS/CFT orrespondene
[1, 2, 3℄. Originally, theories of this sort foused on the problem of the hierarhy between
the Plank and eletroweak sales [4℄. Later on, it has been understood that they an ex-
plain the hierarhy of fermion masses and quark mixings without introduing large or small
parameters into the original ation [5, 6, 7, 8, 9℄.
AdS slie is a solution to the Einstein equations in 5-dimensional (5D) spae-time with
two gravitating branes. Upon ne-tuning the brane tension and 5D osmologial onstant,
one obtains the metri
ds2 = e−2k|y|ηµνdxµdxν − dy2 , (1)
where k is the adS urvature, y denotes the oordinate of the fth warped dimension, whih
is S1/Z2 orbifold of size R. Two branes are plaed at y = 0 and y = piR. These are ultraviolet
(UV, y = 0) and infrared (IR, y = piR) branes, respetively. We hoose the 4-dimensional
(4D) Minkowski metri as ηµν = (1,−1,−1,−1). This setup is known as the Randall-
Sundum model of type one (RS1) [4℄. In the original RS1 model, only gravity is supposed to
propagate in the 5D spae-time, while the SM elds reside on the IR brane. However, this is
not the only possibility, as one an allow all partiles or some of them propagate in the bulk.
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In that ase, the 5D elds an be expanded in the tower of the Kaluza{Klein (KK) modes,
and the zero modes are assoiated with the SM elds. The hierarhy of fermion masses and
quark mixings is then obtained by an appropriate hoie of the fermion loalization in the
bulk.
It is most ommon to assume that the Higgs eld is loalized on or near the IR brane, for
reviews see, e.g., Refs. [10, 11℄. In that ase, the zero modes of light fermions are loalized
near the UV brane, while zero modes of heavy quarks are loalized towards the IR brane.
The smallness of the SM Yukawa ouplings is then due to the small overlaps of the zero
modes of the light fermions and the Higgs eld. Masses of KK modes of the gauge and
Higgs elds (if the latter lives in the bulk) are onstrained by the requirement of FCNC
suppression. In models with the Higgs eld loalized on or near the IR brane, this onstraint
is fairly weak: exited KK modes an have masses of order 10 TeV. This is due to the so
alled RS{GIM mehanism [12, 13℄, whih is built-in: sine the zero modes of light fermions
are loalized near the UV brane, their overlaps with the KK modes of the gauge and Higgs
elds are exponentially small. Moreover, introduing additional symmetries, it is possible to
relax the onstraints on KK masses down to about 3 TeV [14, 15, 16, 17℄. Thus, eets of
new physis an be observed in experiments at LHC.
Aording to the holographi piture [18, 19, 20℄, every bulk zero mode eld orresponds
to an eigenstate in the dual 4D theory, whih is a mixture of elementary soure and omposite
CFT elds. If the bulk zero mode is loalized towards the UV brane, the massless eigenstate
of the dual theory is predominantly the soure eld. Conversely, the dual interpretation of
a bulk zero mode loalized towards the IR brane is a state that is predominantly a CFT
bound state. If the Higgs eld is onned to the IR brane, it is interpreted as a pure CFT
bound state in the dual theory. The top-quark is mostly a CFT bound state, while light
fermions are mostly elementary.
In this paper we turn this piture upside down and onsider a senario with the bulk
Higgs eld loalized near or on the UV brane. Without introduing the hierarhy in the
parameters of the original ation, we show that the realisti pattern of fermion masses and
quark mixings an be obtained in this ase as well. However, the overall piture is quite
dierent. Namely, light quarks and right leptons are loalized near the IR brane to have
small overlaps with the UV-loalized Higgs eld and, onsequently, small Yukawa ouplings.
Hene, many light SM elds are mostly CFT omposites in the dual piture, while heavy
elds are predominantly elementary.
The IR loalization of light fermions introdues, however, the FCNC problem. Indeed,
the KK exitations of the Higgs eld and bulk gauge bosons also live near the IR brane. Thus,
their wave funtions have large overlaps with the wave funtions of light fermions. From the
point of view of the eetive 4D theory, this means that the orresponding ouplings are of
order one. Then the only parameter one an use for suppressing FCNC is the mass sale
of KK exitations. The latter must be very high to satisfy the existing onstraints oming
from kaon mixing. We will see that the onstraint on the KK sale is partiularly strong for
the Higgs eld living in the bulk.
A way to avoid FCNC mediated by the Higgs KK exitations is to loalize the Higgs eld
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on the UV brane. Then there are no Higgs KK exitations at all. In that ase the dominant
soure of FCNC is the exhange by the KK exitations of the gauge elds. Although the
onstraints here are less severe, the allowed sale of the KK exitations is still beyond the
experimental reah.
We also disuss neutrino masses of the Dira type. It is straightforward to obtain them via
the interation with the zero mode of the Higgs eld. An alternative possibility, whih would
probably be more interesting, would be the neutrino mass generation via the interation
with the KK exitations of the Higgs eld. If it worked, the smallness of the neutrino masses
would be due to the suppression of the vauum expetation values of the heavy KK Higgs
modes, rather than due to small eetive 4D Yukawa ouplings. In the partiular senarios
we onsider, this mehanism is subdominant, however: the neutrino interations with the
Higgs zero mode are always strong enough to generate the main ontribution to the neutrino
masses.
This paper is organized as follows. In Setion 2 we disuss possible senarios of sponta-
neous symmetry breaking in the 5D Standard Model with the Higgs eld loalized towards
the UV brane. In Setion 3 we show that realisti 4D fermion masses and quark mixings
an be obtained without introduing small or large parameters in the 5D ation. There we
also disuss neutrino masses of the Dira type. We onsider the FCNC problem in Setion
4. We nd that the onstraints on the mass sale is mKK & 5× 105 TeV for the Higgs eld
living in the bulk and mKK & 700 TeV for the Higgs eld loalized on the UV brane. This
reiterates the power of the FCNC onstraints in models without a built-in mehanism of the
FCNC suppression.
2 Senarios of eletroweak symmetry breaking
We onsider the Standard Model in the slie y ∈ (0, piR) of 5D adS spae-time with the
metri (1). We will see in Setion 3 that the fermion mass hierarhy problem is naturally
solved provided that
ekπR ≫ 1 . (2)
We treat ekπR as a large parameter in what follows.
The ation for the Higgs eld living in the 5D bulk is
S5 =
∫
d4xdy
√
g
(1
2
gMN∂MH∂NH − 1
2
m2HH
2 − V (H)
)
+ Sb , (3)
where mH is the bulk Higgs mass, V (H) is the symmetry breaking potential. The brane
term Sb is added to have the zero mode in the absene of the potential V (H) [5℄,
Sb =
(
1− α
2
)
k
∫
d4xdy
√
g(δ(y − piR)− δ(y))H2 .
The onstant α is tuned to α =
√
4 +
m2
H
k2
, so that the zero mode exists. We will momentarily
see that with the negative sign in front of α hosen in (4) and α > 1, the Higgs zero mode
is loalized near the UV brane. This is the ase we study in what follows.
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Let us rst swith o the potential V (H), i.e., set V (H) = 0, and onsider the free salar
eld. One derives from the 5D ation (3) with the brane term (4) the following equations of
motion and boundary onditions,
∂µ∂
µH + e2ky∂5(e
−4ky∂5H) +m2He
−2kyH = 0 , (4)
∂5H − (2− α)kH|0, πR = 0 . (5)
Following the standard proedure, we expand the eld H in the innite sum:
H(x, y) =
∞∑
n=0
hn(x)Hn(y) , (6)
where hn(x) are KK modes with masses mn, while Hn(y) are their bulk proles. The zero
mode is given by [5℄
H0(y) = N0e
(2−α)ky . (7)
It is lear from (3) that the eetive prole is atually e−kyH0(y). Hene, the zero mode is
UV-loalized for α > 1. The normalization onstant N0 ensures the standard form of the
kineti term in the eetive 4D ation. The latter ondition reads∫ πR
0
dye−2kyH2n(y) = 1 , (8)
so that
N0 =
√
2k(α− 1)
1− e2(1−α)kπR ≈
√
2k(α− 1) . (9)
The proles of the exited KK modes are given by [5℄
Hn(y) = Nne
2ky
[
Jα
(mn
k
eky
)
+
Jα−1(mnk )
J−α+1(mnk )
J−α
(mn
k
eky
)]
, (10)
with the normalization onstants
Nn ≈ mn√
k
1√∫ βn
0
sJ2α(s)ds
. (11)
Here
βn =
mn
k
ekπR . (12)
The boundary onditions (5) determine the eigenvalues βn and hene the masses of the KK
exitations; these are found from
Jα−1(βn) = 0 . (13)
Clearly, the lowest KK modes have βn ∼ 1 and hene
mn ∼ ke−kπR . (14)
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Note that
mn
k
is a small parameter for not too large values of n in the regime (2) we onsider.
To obtain the Higgs VEV, we turn on the potential V (H). Let us begin with the hoie
V (H) = −µ
2
2
H2 + λH4 , (15)
so that symmetry breaking ours due to the bulk mass term. By inserting the KK deom-
position (6) into the ation (3) and integrating over the fth oordinate, one obtains the
eetive 4D ation. Assuming that the KK exitations are small, we treat the interation
between the zero modes and exited KK modes in the linear approximation in hn and write
Seff =
∫
d4x
(1
2
(∂h0)
2 +
∞∑
n=1
1
2
(∂hn)
2 −
∞∑
n=1
1
2
m2nh
2
n +
1
2
µ2(c0h
2
0 +
∞∑
n=1
2cnh0hn)
− λ(a0h40 +
∞∑
n=1
4anh
3
0hn)
)
,
(16)
where the onstants a0, an, c0 and cn are the overlap integrals
a0 =
∫ πR
0
dy
√
gH40 , c0 =
∫ πR
0
dy
√
gH20 , (17)
an =
∫ πR
0
dy
√
gH30Hn , cn =
∫ πR
0
dy
√
gH0Hn . (18)
Making use of the eetive ation (16), we derive VEVs of the zero and exited KK modes:
v0 =
√
c0µ2
4a0λ
, (19)
vn =
cnµ
2v0 − 4anλv30
m2n
. (20)
As the zero mode represents the standard Higgs eld, we have: v0 = vSM = 247 GeV. We
evaluate the integrals (17) and obtain
a0 ≈ N
4
0
4(α− 1)k , c0 ≈
N20
2αk
. (21)
We see that the onstants a0 and c0 are estimated as a0 ∼ k and c0 ∼ 1. Then the mass
parameter µ responsible for symmetry breaking is of the order of the SM Higgs VEV, while
λ . k−1 in order that the eetive 4D oupling λ4 = λa0 be small.
Making use of (19) in (20), we write the KK VEVs as follows
vn = (a0cn − anc0) v0µ
2
a0m2n
. (22)
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In what follows, we need the integrals (18) to the subleading order in
mn
k
. The onstants an
are dierent at α > 2 and α < 2,
an = − N
3
0Nn
2αΓ(α)mn
(mn
k
)α−1 [
1− (α− 1)
2(α− 2)(2α− 3)
(mn
k
)2]
α > 2 ,
an = − N
3
0Nn
2αΓ(α)mn
(mn
k
)α−1 [
1− 2αΓ(α)
(mn
k
)2(α−1) ∫ βn
0
s3(1−α)Jα(s)ds
]
α < 2 .
(23)
The onstants cn are given by
cn = − N0Nn
α2αΓ(α)mn
(mn
k
)α−1 [
2(α− 1) +
(mn
k
)2
ln
mn
k
]
. (24)
The onstants an and cn are estimated as an ∼ k
(
mn
k
)α−1
and cn ∼
(
mn
k
)α−1
. Then a naive
estimate of the KK VEVs would be vn ∼
(
vSM
mn
)2 (
mn
k
)α−1
vSM . However, this is not the
ase. Indeed, to the leading order in
mn
k
the onstants satisfy
a0
c0
=
an
cn
. (25)
Taking into aount the subleading terms in Eqs. (23), (24), we obtain the following expres-
sions
1
for the KK VEVs at α > 2 and α < 2:
vn =
1
2αΓ(α+ 1)
√
2(α− 1)∫ βn
0
sJ2α(s)ds
(
µ
mn
)2 (mn
k
)α+1
ln
k
mn
v0 α > 2 , (26)
vn =
√
8(α− 1)3∫ βn
0
sJ2α(s)ds
(∫ βn
0
s3(1−α)Jα(s)ds
)(mn
k
)3(α−1) µ2
αm2n
v0 α < 2 . (27)
So, modulo fators of order one, the estimates are vn ∼
(
vSM
mn
)2 (
mn
k
)α+1
vSM in the ase
of the Higgs eld loalized with the parameter α > 2 and vn ∼
(
vSM
mn
)2 (
mn
k
)3(α−1)
vSM for
α < 2.
So strong suppression is absent in a model with another mehanism of spontaneous
symmetry breaking. Instead of the potential (3), one introdues
V (H) = −1
2
Mδ(y)H2 + λH4 , (28)
so that the mass term resides on the UV brane. Proeeding as before, we arrive at the
following eetive 4D ation:
Seff =
∫
d4x
(1
2
(∂h0)
2 +
∞∑
n=1
1
2
(∂hn)
2 −
∞∑
n=1
1
2
m2nh
2
n +
1
2
M(h20H
2
0 (0)+
+
∞∑
n=1
2h0hnH0(0)Hn(0))− λ(a0h40 +
∞∑
n=1
4anh
3
0hn)
)
,
(29)
1
One an show that the terms omitted in (21) are negligible.
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where a0 and an are again the overlap integrals (17), (18). In this ase, the VEVs are
v0 =
√
Mk
4a0λ
, (30)
vn =
MH0(0)Hn(0)v0 − 4anλv30
m2n
. (31)
We see from (30) that the mass M must be small, M ∼ v2SM
k
. Using this estimate as well as
Eqs. (7)|(11), we nd, modulo a fator of order one
vn ∼ v
3
SM
m2n
(mn
k
)α−1
. (32)
It is straightforward to show that the anellation between the leading order terms does not
our in Eq. (31), so the estimate (32) is indeed valid. However, this value is still very small
from the viewpoint of physial appliations disussed in Setion 3.2.
3 Mass pattern of fermions
3.1 Quarks
The ation for free bulk fermions is
SΨ5 =
∫
d4xdy
√
g
(
igMNΨ¯ΓM∇NΨ−mΨΨ¯Ψ
)
, (33)
where ΓM are the 5D gamma matries in adS spae-time, ∇M is the ovariant derivative,
mΨ is the fermion bulk mass. One hooses the fermions transforming as Ψ(−y) = ±γ5Ψ(y)
under the orbifold Z2 symmetry, where the lower sign refers to SU(2)L-doublets Q and the
upper one to singlets u and d. As a result, there are no left zero modes of singlet quarks and
right zero modes of doublets [5, 8℄ and one arrives at the SM hiral struture. Hereafter we
onsider zero modes of fermions. Their proles are given by [5, 8℄
Q0(y) = NLe
(2−cL)ky , u0(y) = NuRe
(2−cuR)ky , d0(y) = NdRe
(2−cd)ky . (34)
The onstants cL,R are related to the fermion bulk masses, cR =
mΨ
k
, cL = −mΨk , and the
normalization onstants are
NL =
√
(1− 2cL)k
e(1−2cL)kπR − 1 , N
u,d
R =
√
(1− 2cu,dR )k
e(1−2c
u,d
R
)kπR − 1
. (35)
It is worth noting that with the aount of the warp fator in (33), the eetive proles of
the zero modes are
Ψ0 = Ne
(1/2−c)ky . (36)
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Hene, the zero modes are loalized towards the IR and UV branes for c < 1/2 and c > 1/2,
respetively. Now, assuming that the Higgs eld lives in the bulk, we introdue its interation
with fermions,
Sq5 =
∫
d4xdy
√
g
(
λdijQ¯iHdj + λ
u
ijQ¯iH˜uj + h.c.
)
. (37)
Negleting the exited KKmodes of the Higgs eld for the time being and integrating Eq. (37)
over the extra dimensional oordinate, we derive the eetive 4D ation:
Sqeff =
∫
d4x
(
λdijI
d
0ij d¯Li(x)dRj(x)h0(x) + λ
u
ijI
u
0ij u¯Li(x)uRj(x)h0(x) + h.c.
)
, (38)
where Iu,d0ij are the overlap integrals of the zero modes of the Higgs and quark elds,
Iu,d0ij =
∫ πR
0
dy
√
gH0(y)Q0i(y)d0j(y) . (39)
Expliitly,
Iu,d0ij = NLiN
u,d
Rj N0
1− e(2−α−cLi−cu,dRj )kπR
(α+ cLi + c
u,d
Rj − 2)k
. (40)
In the low-energy theory, the ation (37) leads to the quark mass matrix,
Mu,dij = λ
u,d
ij I
u,d
0ij vSM . (41)
In our alulations we assume that the ondition 2 − α − cLi − cRj < 0 is satised, so that
the exponential fator in Eq. (40) an be negleted. Furthermore, we do not introdue the
hierarhy between the 5D Yukawa ouplings and set λu,di,j ∼ k−1/2. Then, using Eq. (41), we
estimate the elements of the mass matrix as follows,
Mu,dij ∼ NLiNu,dRj
vSM
k
. (42)
The hierarhy between quark masses and mixings is generated by the hierarhy between the
normalization onstants NLi, NRj , whih in turn is due to zero mode proles. Aiming at
diagonalizing the mass term, we perform the unitary transformations of left and right quarks
(up- and down-quarks independently) with orresponding matries AL and AR. The latter
satisfy the onditions
ALMM
†A−1L =M
2
diag , ARM
†MA−1R = M
2
diag . (43)
These ensure that the quark mass matrix
m = ALMA
−1
R (44)
is diagonal.
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With no hierarhy between the Yukawa ouplings, the Hermitean matrix MM † has the
following struture,
(MM †)ij ∼ NLiNLj
3∑
k=1
N2Rk
v2SM
k2
. (45)
So, only the normalization onstants of the doublets NLi are responsible for the hierarhy in
Eq. (45). We order them as follows: NL1 ≪ NL2 ≪ NL3. Then the elements of the matrix
AL are estimated by the the ratios of the onstants NLi:
AL ∼
 1
NL1
NL2
NL1
NL3
NL1
NL2
1 NL2
NL3
NL1
NL3
NL2
NL3
1
 . (46)
By analogy, the Hermitean matrix M †M is estimated as
M †M ∼ NRiNRj
3∑
k=1
N2Lk
v2SM
k2
. (47)
Then, assuming the hierarhy of the normalization onstants, NR1 ≪ NR2 ≪ NR3, we obtain
AR ∼
 1
NR1
NR2
NR1
NR3
NR1
NR2
1 NR2
NR3
NR1
NR3
NR2
NR3
1
 . (48)
Formally, this estimate is valid also for NR1 ∼ NR2 ∼ NR3, as is the ase for down-quarks
(see below). Finally, using the estimates (42), (46) and (48), we estimate the quark masses:
mu,di ∼ NLiNu,dRi
vSM
k
. (49)
Now, let us onsider avor mixing in the quark setor, whih is desribed by the Cabibbo{
Kobayashi{Maskawa matrix. The latter is given by
C = AdL(A
u
L)
−1 .
Sine the matries AdL and A
u
L have one and the same general struture given by Eq. (46),
the CKM matrix is also estimated by the right hand side of Eq. (46). We now reall the
entries of the CKM matrix,
|C| =
 0.97 0.23 0.00400.23 0.97 0.042
0.0081 0.041 0.99
 , (50)
and ompare them with Eq. (46). We see that the right pattern is obtained for
NL1
NL2
≈ 1
10
,
NL2
NL3
≈ 1
25
. (51)
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(u, d)L
(t, b)L
tR
(c, s)L
cR
bR, sR
uR, dRH0
Figure 1: Eetive proles (see Eq. (36)) of quark zero modes.
The estimate (49) is onsistent with known experimental values of the quark masses [21℄
mu ≈ 2.6 MeV, md ≈ 5.0 MeV, mc ≈ 1.3 GeV, ms ≈ 100 MeV, mb ≈ 4.2 GeV, mt ≈ 171
GeV, provided that
NuR1
NuR2
≈ 1
30
,
NuR2
NuR3
≈ 1
5
,
NdR1
NdR2
≈ 1
2
,
NdR2
NdR3
≈ 1 , N
d
R3
NuR3
≈ 1
40
. (52)
The overall sale of the normalization onstants is obtained by requiring that the mass of
the top quark has the orret value. This gives NL3N
u
R3 ≃ k. As an example, we hoose
NuL3 = 1.3
√
k , NuR3 = 0.6
√
k . (53)
Finally, using formulas (35), one estimates the dimensionless bulk masses of quarks, whih
we denoted by c. Their values for the warp fator kpiR = 10 are given in Table 1. We see
expliitly that cL,R < 1/2 for the lightest four quarks. As we notied above, this means that
they live near the IR brane, as expeted. Qualitative piture of the quark loalization is
shown in Fig. 1.
We have still to hoose the set of 5D Yukawa ouplings λu,dij
√
k. Allowing them to vary
within the interval (1/3, 3), one an adjust masses and avor mixings. Let us set
λuij
√
k =
 1.2 0.4 −1.91.7 1.1 −0.9
−0.8 0.6 1.3
 , (54)
λdij
√
k =
 0.9 −0.4 1.3−1.3 1.3 −0.5
1.8 0.3 1.1
 , (55)
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where we ignore phases for the sake of simpliity. With these 5D Yukawa ouplings one
obtains the mixing matrix
|C| =
 0.97 0.25 0.00400.25 0.97 0.040
0.0010 0.040 0.998

(56)
and quark masses mu ≈ 3 MeV, md ≈ 9 MeV, mc ≈ 1.5 GeV, ms ≈ 90 MeV, mb ≈ 4.5
GeV, mt ≈ 170 GeV. Obviously, all these values are in a reasonable agreement with the
experimental data.
c Q u d
cL1 -0.1 - -
cL2 0.2 - -
cL3 1.3 - -
cR1 - 0.0 0.0
cR2 - 0.4 0.1
cR3 - 0.7 0.1
Table 1: Quark parameters in the 5D SM with warp fator kpiR = 10.
3.2 Leptons
The interation of leptons with the Higgs eld in the 5D bulk is
Sl5 =
∫
d4xdy
√
g
(
λlijL¯ilj + λ
ν
ijL¯iH˜νj + h.c.
)
, (57)
where Li(x, y) are the lepton SU(2)L-doublets, lj(x, y) and νj(x, y) are singlet harged and
neutral leptons, respetively, and λlij and λ
ν
ij are their 5D Yukawa ouplings.
This interation generates the neutrino masses of the Dira type. An interesting possi-
bility here would be that neutrinos obtain their masses predominantly via the interation
with exited KK modes of the Higgs eld. Then the smallness of the neutrino masses would
be due to the suppression of VEVs of the Higgs KK exitations. Let us see, however, that
this mehanism does not work in the model we disuss. To this end, we keep all modes in
the deomposition of the Higgs eld (6). Inserting the latter into Eq. (57), we derive the
neutrino mass matrix in the low-energy limit,
Mνij = λ
ν
ij
(
v0I
ν
0ij +
∞∑
n=1
vnI
ν
nij
)
, (58)
where v0 and vn are VEVs of the zero and exited modes of the Higgs eld, as desribed
in Setion 2; Iν0ij and I
ν
nij are the overlap integrals of appropriate wave funtions. The rst
integral is given by the Eq. (40) with the substitution u→ ν, while the seond one is
Iνnij =
∫ πR
0
dyLio(y)Hn(y)νj(y) , (59)
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where Hn(y) is given by Eq. (10). Expliitly,
Iνnij = NnNLiN
ν
Rj
1
mn
(mn
k
)cLi+cνRj−1 ∫ βn
mn
k
s1−cLi−c
ν
RjJα(s)ds . (60)
Hereafter we assume that cL + c
ν
R < 2 + α, so that the integral here is of order 1. One an
show that our basi onlusion is valid in the opposite ase as well.
The expression (58) shows that neutrinos obtain their masses due to their interations
with both zero mode and exited modes of the Higgs eld. The exited mode ontribution
would dominate for
v0I
ν
0 ≪
∞∑
n=1
vnI
ν
n . (61)
Omitting summation and using (40) and (60), we rewrite Eq. (61) as follows,
|e(2−α−cL−cνR)kπR − 1| ≪ e(1−cL−cνR)kπRvn
v0
. (62)
Here we use the fat that
mn
k
ekπR ∼ 1 for the lightest KK modes. The ondition (62) is
equivalent to the following two,
e(cL+c
ν
R
−1)kπR ≪ vn
v0
(63)
and
e(1−α)kπR ≪ vn
v0
, (64)
whih must be satised simultaneously. We now reall the expressions (26) and (31) for
VEVs of the exited Higgs modes, and nd that in both senarios of spontaneous symmetry
breaking onsidered in Setion 2, the inequality (64) is not satised. In the best ase, the
ontribution of the Higgs KK exitations is suppressed by the small fator
v2
SM
m2n
as ompared
to the zero mode.
Thus, all lepton masses are obtained via the interation with the zero mode of the Higgs
eld. Still, the piture here is rather dierent as ompared to the quark setor. Indeed, the
lepton mixing matrix does not exhibit strong hierarhy [21℄,
|C| ≈
 0.79− 0.88 0.47− 0.61 < 0.180.19− 0.52 0.42− 0.73 0.52− 0.82
0.20− 0.53 0.44− 0.74 0.56− 0.81
 .
Similarly to the ase of quarks, we estimate it by the right hand side of Eq. (46). Then we
onlude that the normalization onstants NL are of one and the same order. It is therefore
natural to assume that allNL ∼
√
k, so that the dimensionless bulk masses of lepton doublets
cL > 1/2, i.e., the doublets reside near the UV brane. Otherwise, we would need to ne tune
the parameters cL to be very lose to eah other.
Obviously, up to the hange of notations u→ ν and d→ l, the estimate Eq. (49) remains
valid for leptons. By hoosing the normalization onstants of singlet fermions NR and thus
12
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Figure 2: Eetive proles (see Eq. (36)) of lepton zero modes.
the parameters clR and c
ν
R in an appropriate way, one adjusts 4D masses of leptons. Sine
we assume that NL ∼
√
k, the onstants NR must be small, NR ≪
√
k, in order that the
lepton masses be small ompared to the Higgs VEV. Hene, all clR and c
ν
R must be smaller
than 1/2. So, we ome to the assignment that all singlet leptons reside towards the IR
brane. Finally, in Table 2 we present the set of the 5D parameters c leading to the orret
hierarhy of lepton masses. We hoose the normal hierarhy of neutrino masses and assume
no degeneray, i.e. m1 ≪ m2, m2 ≈
√
∆m2sol ≈ 0.008 eV and m3 ≈
√
∆m2atm ≈ 0.05 eV.
The qualitative piture of lepton loalization in the 5D bulk is shown in Fig. 2.
c L ν e
cL1 1.0 - -
cL2 2.0 - -
cL3 3.0 - -
cR1 - < −2.1 -0.8
cR2 - -2.1 -0.3
cR3 - -1.8 0.1
Table 2: Lepton parameters in the 5D SM with warp fator kpiR = 10.
To onlude, masses and mixings in both quark and lepton setors are reprodued in the
model we disuss without introduing large or small parameters. The proles of the fermion
and Higgs zero modes are naturally steep in the warped fth dimension, whih translates into
the strong hierarhies of masses and quark mixings in the 4D world. The non-hierarhial
pattern of neutrino mixings is also natural with our hoie of the loalization of the left
lepton doublets.
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4 Kaon mixing
4.1 Kaon mixing mediated by exited Higgs eld
Unlike in the ase of the Higgs eld loalized towards the IR brane, the FCNC suppression is
not at all automati in models we onsider. The main soure of FCNC in the model with the
bulk Higgs eld, whose zero mode is loalized near the UV brane, is the interation of light
quarks with the KK exitations of the Higgs eld. This interation is fairly strong beause
both zero modes of light quarks and the Higgs KK modes are large near the IR brane, so
they overlap substantially.
Let us onsider in detail the interation of light down-quarks with the KK exitations of
the Higgs eld. Sine this interation is not diagonal in the avor spae, it leads to kaon
mixing, whih is severely onstrained by experiment. Integrating the relevant terms in the
ation (37) over the fth oordinate, we arrive at the eetive 4D ation,
Seffquark =
∫
d4x
( ∞∑
n=1
ydnijd¯Li(x)dRj(x)hn(x) + h.c.
)
. (65)
Here yu,dnij are the eetive 4D Yukawa ouplings. They are given by
ynij = λ
d
ijI
d
nij , (66)
where Idnij are the overlap integrals of the Higgs KK exitations and zero modes of the singlet
down-quarks and quark doublets,
Idnij =
∫
dy
√
gQ0i(y)Hn(y)d0j(y) . (67)
Expliitly,
Idnij = NLiN
u,d
Rj Nn
1
mn
(mn
k
)cLi+cu,dRj −1 ∫ βn
0
s1−cLi−c
u,d
Rj Jα(s)ds . (68)
As shown in Setion 3.1, the lightest down-quarks reside towards the IR brane. Thus, their
normalization onstants are
NLi ≈
√
(1− 2cLi)ke(cLi−1/2)kπR, NdRj ≈
√
(1− 2cdRj)ke(c
d
Rj
−1/2)kπR . (69)
In this way we obtain the 4D Yukawa ouplings of s- and d-quarks,
ynij ≈ λdij
√√√√(1− 2cLi)(1− 2cdRj)k∫ βn
0
sJ2α(s)ds
∫ βn
0
( s
βn
)1−cLi−cdRj
Jα(s)ds . (70)
Here the avor indies are i, j = 1, 2, and the integrals are of order 1. Hene, the Yukawa
ouplings are unsuppressed, ynij ∼ 1. To obtain the Yukawa ouplings of the physial quark
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Figure 3: Exited Higgs mediated proesses leading to kaon mixing.
states, we perform the rotation of the quark elds with the matries AL and AR. We obtain
in the physial basis
y′n12 ≈ aL11(yn11a−1R12 + yn12a−1R22) ,
y′21 ≈ aL22(yn21a−1R11 + yn22a−1R21) ,
(71)
where we neglet the b-quark ontribution; the onstants a are the entries of the matries
AL and AR estimated by Eqs. (46), (48). Obviously, the physial Yukawa ouplings are also
unsuppressed, y′n12 ∼ y′n21 ∼ 1. This preisely means that the RS-GIM mehanism does not
work in the ase of the Higgs eld residing near the UV brane. Consequently, the only way
to suppress dangerous FCNC is to assume that the Higgs KK exitations have very large
masses.
Generally, ∆F = 2 proesses are desribed by the following Hamiltonian:
H∆F=2eff =
5∑
a=1
CaQ
qiqj
a +
3∑
a=1
C˜aQ˜
qiqj
a . (72)
The four-fermion operators Qa are given by
Q
qiqj
1 = q¯
α
jLγµq
α
iLq¯
β
jLγ
µqβiL, Q
qiqj
2 = q¯
α
jRq
α
iLq¯
β
jRq
β
iL, Q
qiqj
3 = q¯
α
jRq
β
iLq¯
β
jLq
α
iR , (73)
Q
qiqj
4 = q¯
α
jRq
α
iLq¯
β
jLq
β
iR, Q
qiqj
5 = q¯
α
jRq
β
iLq¯
β
jLq
α
iR .
The operators Q˜a are obtained by the interhange L ↔ R. Choosing qj, qi = d, s, we fous
on kaon mixing. The exhange by the KK exitations of the Higgs eld ontributes to the
oeÆients C2, C˜2 and C4,
C2 =
∞∑
n=1
(y′⋆n21)
2
m2n
, C˜2 =
∞∑
n=1
(y′n12)
2
m2n
, C4 =
∞∑
n=1
2y′n12y
′⋆
n21
m2n
. (74)
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This is shown in Fig. 3, where Figs. 3a and 3b orrespond to C2 and C4, respetively. The
imaginary parts of the oeÆients C are responsible for CP-violating mixing of kaons K01
and K02 . Within our model, there is no natural way to suppress the phases of the oeÆients
C. Thus, we assume that ImC ∼ C.
The experimental onstraints on the imaginary parts are [22℄
− 5.1× 10−17 GeV−2 . ImC2, ImC˜2 . 9.3× 10−17 GeV−2 , (75)
− 1.8× 10−17 GeV−2 . ImC4 . 0.9× 10−17 GeV−2 . (76)
By omparing Eq. (75) with Eq. (74) and realling that y′nij ∼ 1, we see that the masses of
the Higgs KK exitations must be very large:
mn & 5× 105 TeV . (77)
The real parts of the oeÆients C ontribute to the kaon mass dierene. The orresponding
onstraints are three orders of magnitude weaker than (75) and (76). Using these onstraints,
we nd that irrespetively of the above assumption ImC ∼ C, the masses of the Higgs KK
exitations must obey mn & 10
4
TeV.
4.2 Other soures of kaon mixing
A possible way to avoid the onstraint (77) is to assume that the Higgs eld is loalized on
the UV brane. Hene, it does not have KK exitations at all, and the analysis of Setion
4.1 does not apply. In this ase, the major soure of kaon mixing is the interation of down-
quarks with the KK exitations of the bulk gauge elds. For simpliity, let us onsider the
interation with the bulk photons; exhange by the KK Z-bosons is treated in a similar way
and yields analogous results. The relevant part of the 5D ation is given by
Sγ5 = e5
∫
d4xdy
√
g
(
Q¯ig
MNΓMANQi + d¯ig
MNΓMANdi
)
. (78)
As usual, we expand the gauge eld in the tower of KK modes,
Aµ(x, y) =
∞∑
n=0
aµn(x)An(y) . (79)
The zero mode of the bulk eletromagneti eld is at [23, 24℄,
A0(y) =
1√
piR
. (80)
Therefore, the 4D eletri harge is e = e5√
πR
. The proles of the KK exitations are [23, 24℄
An(y) = N
γ
ne
ky
[
J1
(mγn
k
eky
)
+ CnY1
(mγn
k
eky
)]
, (81)
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where mγn denote the masses of the KK exitations. The normalization fator N
γ
n is given
by
Nγn ≈
mγn√
k
1√∫ γn
0
sJ21 (s)ds
, (82)
while the onstant Cn is
Cn = −
J1
(
mγn
k
)
+ m
γ
n
k
J ′1
(
mγn
k
)
Y1
(
mγn
k
)
+ m
γ
n
k
Y ′1
(
mγn
k
) . (83)
The masses of the KK exitations of the eletromagneti eld are determined from the
following eigenvalue equation [23, 24℄
mγne
kπR
k
= γn, J1
(
mγn
k
ekπR
)
= 0 . (84)
Hereafter we omit the zero mode in the deomposition (79), sine the interation with
the zero mode is universal in the avor spae and does not give rise to avor violating
proesses. By inserting Eq. (79) into the 5D ation (78) and integrating the latter over the
fth oordinate, we arrive at the following eetive 4D ation:
Sγeff =
∫
d4x
( ∞∑
n=1
bLnij d¯Li(x)γµdLj(x)a
µ
n(x) + (L↔ R)
)
. (85)
The onstants b
L(R)
nij are the eetive 4D ouplings of left (right) down-quarks with the n-th
KK exitation. These ouplings are obtained from the initial 5D theory,
b
L(R)
nij = e5W
L(R)
nij , (86)
where the onstants W
L(R)
nij are the overlap integrals of the appropriate wave funtions,
WLnij = δij
∫
dy
√
gekyAn(y)QLi(y)QLj(y) (87)
and the analogous expression for the onstants WRnij . By performing the integration in
Eq. (87) and using Eq. (86), we obtain
bLnij = e5δijNLiNLjNn
1
mγn
(mγn
k
)cLi+cLj−1 ∫ γn
0
s1−cLi−cLjJ1(s)ds . (88)
The expression for the ouplings bRnij is obtained by the replaing NLi → NdRi and cLi → cdRj .
As in the previous ase, all RS suppression fators disappear for i, j = 1, 2. Thus, the
ouplings b
L(R)
n11 and b
L(R)
n22 are of the order of the 4D eletromagneti oupling e.
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The eetive ation (85) is diagonal in the quark elds. The avor violating terms appear
upon the rotation of the quark elds by the matries AL and AR,
Seff
K−K˜ =
∫
d4x
( ∞∑
n=1
b′Ln12d¯L(x)γµsL(x)a
µ
n(x)+
∞∑
n=1
b′Ln21s¯L(x)γµdL(x)a
µ
n(x)+(L↔ R)
)
, (89)
where, aording to Eqs. (46), (48), the ouplings b′L(R)n12 and b
′L(R)
n21 are estimated as
|b′Ln12| ∼ |b′Ln21| ∼ |bLn11 − bLn22|
NL1
NL2
(90)
and
|b′Rn12| ∼ |b′Rn21| ∼ |bRn11 − bRn22|
NdR1
NdR2
. (91)
Note that the onstants b′Ln12 and b
′L
n21 are suppressed as ompared to the initial ones b
L
n11 and
bLn22, whih is a onsequene of the smallness of the fator
NL1
NL2
. Note also that the proles of
dR and sR an be hosen very similar to eah other, so that b
R
n11 ≈ bRn22 and hene b′n12 and
b′n21 an be made very small. For the warp fator kpiR = 10 and the parameters c listed in
Table 1, we obtain |b′Ln21| ∼ |b′Ln12| ∼ 150 and |b′Rn12| ∼ |b′Rn21| ∼ 130 .
The exhange by the KK exitations of the eletromagneti eld gives ontribution to
the oeÆients C1 and C˜1,
C1 =
∞∑
n=1
(b′Ln12)
2
mγn
2 , C˜1 =
∞∑
n=1
(b′Rn12)
2
mγn
2 . (92)
Their imaginary parts are onstrained as follows [22℄,
− 4.4× 10−15 GeV−2 . ImC1, ImC˜1 . 2.8× 10−15 GeV−2 . (93)
These bounds imply the following onstraint on the masses of the photon KK exitations:
mγn & 700 TeV . (94)
We see that the masses of the KK exitations an be three orders of magnitude smaller than
the ones in the bulk Higgs senario. However, their values are still out of reah of future
experiments.
Besides the exhange by the KK modes, there are other soures of FCNC. They are
important in the ase of the IR-loalized Higgs eld, but subdominant in our senario. One
of these soures is the interation of down-quarks with the zero mode of the Z-boson. The
prole of the latter is not exatly at [23, 24℄. However, the deviation from the atness is
of the order of the ratio
m2
Z
m2
KK
, where mKK is the typial mass sale of the KK exitations.
Aordingly, avor-violating verties are suppressed by
m2Z
m2
KK
. With mKK onstrained by
Eqs. (77) or (94), the ontribution to the oeÆient C1 oming from the interation with the
zero mode of the Z-boson is negligibly small, C1 ∼ m
2
Z
M4
KK
.
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As desribed in [25℄, there are also avor violating proesses mediated by the zero mode
of the Higgs eld. They our due to the interation with the KK exitations of fermions.
These proesses give negligibly small ontribution to the oeÆients C for the same reason
as above.
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